type 2 B800-850; this spectrum was raised to make it more clearly visible; 0, B800-830.
further purified by a second passage over a DE52 cellulose column. Each of the different pigment-protein complexes has a different carotenoid composition. This is very convenient, since it allows them to be easily distinguished on the basis of colour. Fig. 2 shows the absorption spectra of the isolated, purified pigment-protein complexes. The first pigmented complex which is eluted from the column is the B880 light-harvesting complex. This fraction also contains reaction centres and appears to be rather similar to 'fraction A' which Thornber (1970) obtained from Chromatium vinosum. When cells of Rps. acidophila strain 7750 grown at 2000lx are used in this preparation, the B800-850 antenna complex is eluted after the B880 complex from the column. Spectrally this complex (Fig. 2) is very similar to the B800-850 light-harvesting complexes which have been isolated from Rps. sphaeroides (Clayton & Clayton, 1972) and from Rps. capsuluta (Feick & Drews, 1978) . It is a characteristic of this type of B800-850 that the absorbance at 850nm is usually between 1.5 and 2 times larger than the absorbance at 800nm. In order to distinguish this B800-850 complex from the B800-850 complex isolated from cells of strain 7050 grown at 400lx, we have called it 'type 1 B800-850'. Fractionation of the '400lx' 7050 cells yields B800-830 and type 2 B 8 0 6 8 5 0 complexes ( Fig. 2) as well as the analagous B880-reactioncentre fraction. Absorbances at 800 and 850nm in the type 2 B 8 W 8 5 0 complex are nearly equal. The type 2 B800-850 antenna complex is therefore rather similar to the B800-850 complex found in Chromatium vinosum (Thornber, 1970) . The position of the long-wavelength-absorption maximum in both the B800-830 and the type 2 B800-850 complexes is somewhat variable. It seems to depend upon the salt and detergent concentrations in the solution. The 830nm band varies between 815 and 830nm, whereas the 850nm band varies between 840 and 850nm. This type of variability is not shown by either the B880 or type 1 B80Ck850 complexes.
Monomeric BcM a in organic solvents such as 7:2 (v/v) acetone/methanol absorbs at 772nm (Clayton, 1963) . In the light-harvesting complexes the Bchl. a is non-covalently bound to the protein and is easily removed by extraction with organic solvents or by denaturing the protein. When the Bchl. a is bound within the complex, its absorption in the n.i.r. is strongly redshifted compared with free Bchl. a, and the position of the absorption bands of the complexes are a sensitive indication of the integrity of the complex. It is therefore reassuring that the absorption maxima of the isolated complexes exactly correspond to those seen in the absorption spectrum of the intact membrane (compare Fig. 2 with Fig. 1) .
In those species of photosynthetic bacteria where lightharvesting pigment-protein complexes have been studied in detail (Cogdell & Thornber, 1980) , the pigments are usually found associated with rather small, hydrophobic polypeptides in the 5000-14OOO molecular-weight range. We have attempted to resolve the polypeptide composition of the Rps. acidophila pigment-protein complexes using electrophoresis on sodium dodecyl sulphate/polyacrylamide gradient gels. The type 1 B800-850 complex shows two clearly resolved polypeptides in the 5000-9000 molecular-weight region. The other complexes only yield a diffuse band in this region of the gel and although in each case they are clearly distinct, further work is required to try and achieve a clearer picture of their polypeptide composition.
Only the RC-880 complex shows any polypeptides with a molecular weight in excess of 12000. The B 8 0 6 8 3 0 and both the types of B80Ck850 complex appear to be quite free of contaminating polypeptide and show remarkably high Bchl. protein ratios [usually in the range of 2&24% (Bchl. a expressed as a percentage, w/w, of the protein present)].
We need to examine the pigment content of these complexes in an attempt to determine the pigment-protein composition of the minimal functional unit of each type of complex.
ferredoxin : NADPH reductase complex (Berzborn, 1969; Jennings et al., 1979) . The intrinsic membrane proteins are much less well characterized. Use of detergent-extraction techniques has, however, led to the identification of four main complexes: P7OO-chl. a protein, chl. alb light-harvesting protein (Thornber, 1975; Boardman et al., 1978) , the cytochrome b,-f complex (Nelson & Neumann, 1972 ) and the C F , component of the CF,-CF, complex (Nelson, 1981) . The existence of other intrinsic membrane components such as a possible P 6 8 k h l . a complex associated with the reaction centre of Photosystem I1 and a light-harvesting complex associated specifically with Photosystem I have been inferred but not, as yet, defined in molecular terms.
Current ideas regarding the disposition of the peripheral membrane proteins are mainly based on freeze-etch (Howell & Moudriarakis, 1967a,b; Miller & Staehelin, 1976 ) and immunological (Berzborn, 1969) studies. The different groups of proteins appear to be distributed randomly over the whole of the protoplasmic surface of the thylakoid membrane with the exception of the appressed surface of the grana stacks. The partition gap between the different grana is, as judged from freeze-etch studies, devoid of such proteins (Miller & Staehelin, 1976) .
The situation regarding the intrinsic membrane proteins is much more complex. Freeze-fracture studies reveal two main groups of intramembranous particles. These can be differentiated both in terms of their size and distribution in the membrane. One group has an average diameter of approx. 15nm and the other of approx. 9nm (Staehelin et al., 1977; Arntzen, 1978) . The larger particles are confined mainly to the exoplasmic fracture faces of the appressed granal membranes but are also present at lower densities in the corresponding fracture faces of the non-appressed membranes. Measurements of changes in particle size during greening has led t o the conclusion that the larger particles consist of a basic core unit, approx. 8nm in diameter, which increases its size by the stepwise addition of a number of light-harvesting complex (Armond et al., 1977). The smaller 9 nm-diameter particles, representing the other group of intramembranous particles, are located in the opposing protoplasmic fracture faces of the thylakoid membrane. Unlike the large particles, they are not restricted to the grana stacks and are found in similar densities in both the appressed and nonappressed regions of the membrane. Until recently, it was thought that the smaller particles were associated with Photosystem I. The introduction of two-phase polymer partition techniques to separate appressed from non-appressed thylakoid regions (Anderson & Anderson, 1980) has, however, led to a reassessment of this view. Anderson (198 1) has suggested, on the basis of such studies, that the fight-harvesting apparatus of Photosystem I is restricted to the margins of the grana stacks and to the stroma lamella. There is thus considerable uncertainty regarding the precise origin of this group of particles.
The physical size of the fight-harvesting apparatus required to drive the two photosystems can be estimated from published data on the stoichiometry of the photosynthetic unit and the composition of the various chlorophyll-protein complexes believed to be present in such units. The size of the lightharvesting units of Photosystem I and Photosystem 11, estimated from the stoichiometry of key photosynthetic components and measurements of oxygen yield (or carbon dioxide fixation) in response to saturating single-turnover flashes, is usually accepted to be equivalent to about 300-400 chlorophyll molecules per unit (Williams, 1977) . Recent estimates of the size of the Photosystem I1 unit, based on fluorescent-induction measurements, suggest that each unit contains about 300-500 molecules of chlorophyll in sun plants and 600-900 molecules of chlorophyll in shade plants . Whilst there appears to be considerable variation between species, unit size within a given species was found to remain fairly constant. There is still considerable debate regarding the precise molecular weights and chlorophyll contents of chlorophyll alb light-harvesting (LHCP 11) protein and P700-chlorophyll a protein (RCP I). For the purposes of calculation, we have used values given in Table 1 . In the absence of data relating to the stoichiometry of the reaction-centre complex of Photosystem I1
(RCP 11) and the postulated light-harvesting protein of Photosystem I (LHCP I), we have assumed chlorophyll/protein ratios identical with that for chlorophyll alb light-harvesting protein for these two species. The estimated equivalent molecular weights for the light-harvesting units of the two photosystems, and the diameters of their equivalent spheres, are presented in Table 2 . They suggest that the equivalent molecular weights of such units are likely to be in the range 1300-1500 (x103), corresponding to a spherical particle diameter of about 15 nm. Calculations of this type are, of necessity, only as reliable as data on which they are based and must be viewed with circumspection. It should be emphasized, however, that the particle diameter is proportional to the cube root of its equivalent molecular weight and thus is rather insensitive to changes in this parameter. Decrease in the equivalent molecular weight from 1500 to 750 (x103), for example, only leads to a decrease in diameter from 15.5 to 12.2nm. Two important points emerge from this exercise. Firstly, they confirm that the diameter of the light-harvesting units are likely to be in the same size range as that of the intramembranous particles seen by freeze-fracture electron microscopy. Secondly, since the estimated diameters relate to equivalent spheres, they emphasize the threedimensional size of such units and the problems inherent in their incorporation into a lipd bilayer. An indication of the scale of this problem is illustrated in Fig.  2 , which provides a schematic representation of the relative sizes of the proposed light-harvesting units and the lipid bilayer. It is clear that if these units are packaged according to the tenets of the fluid-mosaic model that most of their surface would be exposed to the aqueous environment. Freeze-etch studies (Staehelin et al., 1977) indicate that the larger intramembranous particles, thought to be associated with the light-harvesting units of Photosystem 11, do protrude through the exoplasmic surface of the thylakoid membrane. The fact that a large proportion of the polypeptide chains of chlorophyll a / b light-harvesting protein are accessible to trypsin attack (Steinback et al., 1979) also argues that these particular units may show considerable exposure to the aqueous phase. The apparent absence of features of this type in the case of the Photosystem I light-harvesting units would however, seem to indicate that either these units are very much smaller than has hitherto been suspected or that they are packaged within the membrane in some way that limits their exposure at the membrane surface.
A new insight into the problem of how large units of this type might be incorporated within the thylakoid membrane has come from recent studies of the physical characteristics of aqueous dispersions of chloroplast membrane lipids. The two major lipids found in chloroplast membranes are monogalactosyl-and digalactosyl-diacylglycerol. Together they account for more than 75% of the membrane lipids of the chloroplast (Nishihara  et al., 1980) . When these two chemically very similar lipids are dispersed alone in water, they take up two entirely different configurations. Low-angle X-ray diffraction and freeze-fracture electron microscopy (Sen et al., 1981a) indicate that the monogalactosyl-lipid forms a typical inverted hexagonal (Hex,,) structure, whilst the digalactosyl-lipid assumes a lamellar configuration. When a mixture of the two lipids, in the relative proportions found in the native membrane, is dispersed in water, a lamellar structure is formed which contains inverted lipid micelles sandwiched within the two leaflets of the lipid bilayer. The formation of these structures is strongly influenced by temperature in the physiological range and the presence of such components as ions and cryoprotectants (Sen et al., 1981b (Sen et al., , 1982a . Similar structures together with more aggregated quasi-crystalline structures formed from inverted spherical and tubular micelles are observed if total polar lipid extracts of thylakoids are dispersed in conventional chloroplast media.
A comparison of the intramembranous particles observed in freeze-fracture replicas prepared from thylakoids with those prepared from total polar-lipid extracts of such membranes (Gounaris et al., 1982) indicates that the particles seen in the two preparations differ both in size and distribution. Unlike the particles seen in the native membrane, the particles seen in the dispersions are symmetrically disposed with respect to the fracture faces and are not associated with given membrane surfaces. This suggests either that the presence of the protein constituents of the thylakoid membrane prevents the formation of non-bilayer structures of the type seen in the lipid dispersions, or that such structures are present in the native membrane, but in a modified form. In either case, the existence of lipid-protein interactions of a type other than those normally envisaged in the simple fluid-mosaic membrane is implied. 
Redox titration of chlorophyll fluorescence
Redox titrations of the fluorescence yield in chloroplasts have revealed the presence of two redox components behaving as primary acceptors of PSII (Cramer & Butler, 1969; Horton & Croze, 1979) . These have Em, values of approx. OmV and -250mV and have been called 'Q,' and 'Q, respectively. Reduction of both Q, and Q, give rise to a P518 absorption change (Malkin, 1978) . The proportion of Q, quenching varies between 40 and 70%; replacing Mg2+ with Na+ in the suspending medium or raising the pH to above 8 leads to an increase in the proportion of fluorescence quenched by Q, (Horton, 19816) . In a fairly recent report (Thielen & Van Gorkhom, 198 la), conditions were described (complete darkness with DCMLJ) in which only Q , was observed: however, redox mediators were not used and no evidence of reversibility was given. QH equilibrates extremely sluggishly, even with mediators present, and this problem is particularly exaggerated when experiments are carried out in complete darkness (Horton, 1981a,b) . Several models have been proposed to explain the existence of Q, and Q,, ranging from their being electron acceptors in different PSII centres to their being due to distinct redox states of the primary and secondary quinones, Q and B.
PSII, and PSII,,
A second kind of heterogeneity relates to the presence of two kinds of PSII centres called PSII, and PSII,,. .This heterogeneity was initially observed as the biphasicity of the fluorescence-induction curve recorded in the presence of DCMU (Doschek & Kok, 1972) . Reduction ofPSIIIlis associated with a faster sigmoidal induction, whilst fluorescence from PHIp is removed more slowly and with first-order kinetics (Melis & Homann, 1975 , 1976 . Other signals attributed to the primary * Abbreviations used: PSI and PSII, Photosystems I and 11; DMCU, 3-(3,4-dichlorophenyI)-1 , I-dimethylurea; Em,, membrane potential at pH 7.0; LHCP, light-harvesting chlorophyll protein.
acceptor of PSII, C 5 5 0 and X 3 2 0 also show this heterogeneity (Melis & Duysens, 1979; Melis & Schreiber, 1979) . PSII, and PSII,, differ in several respects. Firstly, their excitation spectra differ, with PSII, being excited preferentially by lowerwavelength chlorophyll a and chlorophyll b. Secondly, the antenna size of PSII, units is larger and they are connected in such a way as to allow energy transfer between PSI1 units (Thielen & Van Gorkhom, 1981b; Thielen et al., 1981). In contrast, the antenna of PSII,, is smaller and they behave as separate packages. The kinetics of fluorescence induction reflect these differences in antennae function rather than difference in quantum efficiency.
Q1 and Q2
The third kind of heterogeneity is also kinetic and has emerged from the work of Joliot & Joliot (1979, 1981b) . When observing the reduction of Q (i.e. elimination of variable fluorescence) by a succession of saturating flashes, it was found that approx 70% was removed by a single flash (called Q,). whilst the remainder required several flashes (called Q,). Only Q , is associated with C 5 5 0 and is a quinone acceptor. Q , is less efficient as a quencher than Q, and stabilization of Qz-is also less efficient than of Q,-. Joliot & Joliot ( 1 9 8 1~) have put forward several PSII models, but it seems that at least some centres possess both Q, and Q,; Q2 whose reduction does not generate a P518 signal, may be reoxidized by a DCMU-insensitive pathway leading to cytochrome b-563.
Relationships between QH/QL and alp PSII,, can be eliminated from a fluorescence-induction curve by reduction to approx. +20mV; the Em, for the Q of PSII,, is around +lOOmV (Horton, 1981a; Thielen & Van Gorkhom, 1981a) , considerably more positive than either Q , or Q,. Q, and QH are therefore associated with a-centres and the fact that the kinetics of photoreduction of Q, are altered by prior reduction of Q, shows that at the very least they share the same pigment bed and more likely the same centre (Horton, 198 1 b) . This suggestion is supported by the observation that the fluorescence quenching associated with accumulation of reduced phaeophytin in the PSII reaction centre only occurs when both Q , and Q , are reduced before illumination (Malkin & Barber, 1979) . Properties of Q in particles from Phormidium laminosum Recent experiments using the 0,-evolving PSII preparation isolated from the blue-green alga Phormidium laminosum have contributed considerably to the understanding of PSII heterogeneity. ( 
